I . The effect of malnutrition early in life on the subsequent learning ability of male rats was studied when they were malnourished and after they had been rehabilitated. The HebbWilliams Test of animal intelligence was used.
The earlier in life an animal is malnourished the greater the effect on its subsequent physical growth and development (Widdowson & McCance, 1963 ; Winick & Noble, 1966) , and the same may apply to its learning ability (Barnes, Cunnold, Zimmermann, Simmons, MacLeod & Krook, 1966 ; Cowley & Griesel, 1966) . The investigation of the last problem is beset with pitfalls, however, for it is difficult to be sure that it is only malnutrition that is affecting behaviour and not something else. For example, in mammals with a period of dependence on the mother, malnutrition of the mother before or during pregnancy and lactation, which undoubtedly has an effect on the growth of her young, may lead to a change in her behaviour towards them, and this in turn may affect their ow? behaviour. Even when the mother is well-nourished, her maternal behaviour may be affected by the number in the litter she is feeding. Seitz (1954), for example, reported that there is an inverse relationship between the size of a rat litter and the amount of attention each young rat receives, and this has been suggested as one reason why rats reared in large litters grow more slowly than those suckled in small ones (Kennedy, 1957-8 ; , and why they are less inquisitive and less inclined to explore new surroundings (Lht, .
If the period of malnutrition begins after weaning, so that the maternal influence is eliminated, the situation is less complicated, and the effect on behaviour may depend on the kind of malnutrition that is imposed. A deficiency of calories for a limited period has often been shown to delay physical growth and development, but there is little evidence whether the deficiency impairs learning ability either when the animal is still undernourished or after it has been rehabilitated. On the other hand, it has been reported that feeding rats on a diet with a low concentration of protein or of a specific amino acid for a limited period permanently affects their performance in mazes (Pilgrim, Zabarenko & Patton, 1951; Bevan & Freeman, 1952) . I n the early 392 ANGELA BAIRD, ELSIE M. WIDDOWSON AND J. J. COWLEY 1971 studies, variations in the composition of the diets, the methods of testing and in the age at which the deficient diets were introduced may account for the lack of consistency in the results.
More recently, Barnes et al. (1966) used a Y water maze in a position-reversal test and as a means of evaluating the learning of visual discrimination. The performance in the position-reversal test was poorest in young rats that had been suckled in large litters and then fed on a low (4%)-protein diet for 8 weeks. Rats suckled in large or medium-sized litters, and then fed on the normal diet, made fewer errors. A visual discrimination test was applied after the rats had been rehabilitated for about 3 months. Again, the rats fed on a diet containing the higher percentage of protein from weaning were better at learning the task than animals that had been suckled in large litters and subsequently fed on the low-protein diet. Barnes et al. considered that the deprivation both before and after weaning was important in affecting learning performance; though it was the deprivation over the whole period that had most influence on behaviour. The control animals appeared to react more strongly to being put in the water maze than the rats which had been deprived in early life, as shown by their swimming frantically back and forth. Cowley & Griesel(1962 , 1964 found that male rats born of mothers that had been fed on a low-protein diet, and themselves reared on the diet, performed less well in an intelligence test involving escape from water and were more timid in an 'open field' than rats born of well-nourished mothers and reared on a normal diet.
In the present study the Rabinovitch & Rosvold (1951) modification of the HebbWilliams (Hebb & Williams, 1946 ) test of animal 'intelligence' was used to assess the effects of a deficiency of calories and of a deficiency of protein on the performance of male rats both while they were malnourished and also after they had been rehabilitated. There were three experimental classes of rats: (I) malnourished from 4 weeks of age; ( 2 ) suckled in large groups and then fed on the deficient diets so that they were malnourished from birth; and (3) born of calorie-deficient or protein-deficient mothers, suckled by deficient mothers and then reared on the deficient diets. The last may be regarded as having been malnourished from conception. Slow growth during the suckling period, whether brought about by a large number of young to one mother, or by feeding the mother on a deficient diet, is believed to be due to an insufficient amount of milk being available and not to any alteration in its composition. The malnutrition up to 3 weeks of age of classes (2) and (3) was therefore due to a deficiency of calories, and it was only after weaning that there was a specific deficiency of protein in any of the experiments.
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Malnutrition and learning ability of rats 393 (C), low-calorie (LC) and low-protein (LP) so that the average weight of animals in each group was as similar as possible. The nineteen animals in the control group were housed five or six to a large cage (33.75 cm x 22-5 cm x 25 cm) in an environmental temperature of zoo and were fed on unlimited amounts of stock diet. The twenty-three LC animals were housed three to a smaller cage (35 cm x 16-25 cm x I 1-25 cm) at the same temperature as the control group and were given 4 g stock diet per rat per d for the first 2 weeks and then 5 g per rat per d for the following 7 weeks. The twenty-eight LP animals were housed as the LC group and had unlimited amounts of a diet containing 6% protein. This was prepared by 'diluting' the stock diet with sugar.
Half the rats in each group were tested in the maze between I I and 14 weeks of age. At 14 weeks all rats were given unlimited amounts of the stock diet until the end of the experiment. All were tested again at 18 weeks of age.
All the rats in this and subsequent experiments were weighed weekly. Handling of them, which is known to affect their behaviour (Cowley & Widdowson, 1965) , was the same in the groups of animals tested together and compared.
Expt 2. Rats malnourished from birth. Normal stock rats were mated as in Expt I . At birth the males and females from all litters, born within any one period of 24 h, were pooled. Sets of eight and seventeen animals were picked out, males being taken preferentially and the numbers made up with females. Each set of eight or seventeen was given to one of the mothers, and any remaining mothers were discarded. All the rats were weaned at 21 d and given stock diet until 28 d ; then the males of those that had been suckled in sets of seventeen were divided into three groups; one, of ten rats, was offered unlimited amounts of stock diet, and thus represented animals undernourished during the suckling period and well-nourished from weaning; another, of fourteen rats, was given 4 g then 5 g stock diet per rat per d as in Expt I (LC); and the other, of fifteen rats, a 6% protein diet in unlimited amounts (LP). The ten males that had been suckled in sets of eight represented normal well-fed controls and were given unlimited amounts of stock diet from weaning. The animals were trained and tested in the maze, then rehabilitated and tested again as in Expt I.
Expt 3. Rats malnourished from conception. The mothers of the rats in this experiment were eighteen females born of well-nourished mothers and were litter-mates of the control males used for Expt I . They were divided into three groups at weaning; one was given 12 g stock diet per rat daily (LC), increased to 20-25 g daily during pregnancy and lactation. A second group received unlimited amounts of a 9 % protein diet (LP). It was necessary to give these females diets that were less deficient than those given to the experimental males of Expts I and 2, to enable them to produce and rear litters successfully. The third group was reared on the stock diet ad lib.
The females were mated with stock males when they reached a body-weight of 120 g. Their male offspring constituted the experimental animals. These were suckled by their own mothers and treated from birth in the same way as the animals of Expt I . After weaning, five LP and six LC rats died. They were very small, only about 20 g, and evidently they could not maintain their body temperature in small groups of three when the warmth of the mother's body and that of the rest of the litter 394 ANGELA BAIRD, ELSIE M. WIDDOWSON AND J. J. COWLEY 1971 was removed. All remaining rats in the two deficient groups were therefore kept at an environmental temperature of 27' for the first 2 weeks after weaning. Fig. I . It was made of galvanized iron sheeting, and it had an expanded aluminium mesh lid, constructed so that the experimenter could see in easily but the rat could not see out; the animal was therefore not distracted by movements outside. The floor was divided by painted lines into 12.5 cm squares.
The problems were set up by means of moveable galvanized iron barriers which were attached to the floor with small magnets. T o enable the rat to distinguish between walls and barriers the latter were painted black, and the walls and goal and starting boxes were metallic grey. The two doors were made of thin light metal so that the rats could push them easily; they opened one way only -out of the starting box and into the goal box. Both doors were fitted with a time switch; when the first door was lifted above a certain height a clock was turned on and the time was recorded until the second door was opened; this turned off the clock. The height at which the opening of the door turned on the switch could be adjusted for the size of the rat.
The testing was carried out in a small room, with blacked-out windows, in which the only source of illumination was a shaded light in one corner of the room. External noise was masked by running a small fan continuously throughout the testing. The experimenter stood in the same position for each test, as the rat may use this position as a clue to solving the problem. The temperature of the room remained fairly constant at about 2 0 ' .
Training procedure. Preliminary training was given, (I) to accustom the rats to the apparatus, (2) to teach them to go straight to the food box, and (3) to eat as much as possible of their total food requirements for 12 h during a period of about 15 min. For the 24 h before the start of the training, the control and LP rats were deprived of https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19710104
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Malnutrition and learning ability of rats 395 food. During training both stock diet and 6 % protein diet were available in the goal box: however, all rats chose the stock diet and therefore this alone was put in the goal box during the test runs.
The rats were initially introduced to the apparatus four at a time. Both doors were removed for the first trial and the rats allowed to run freely back and forth from the start to the goal box for a period of about 10 min. During the next session the door of the starting box only was put into position. On the third, and all successive trials, both doors were in position, although sometimes, when a rat was slower at learning than the rest, the door was propped open with a block. As soon as the animals appeared to be well adapted and capable of opening the doors each rat was run individually, following the suggestions of Rabinovitch & Rosvold (1951). I n each experiment 10 d were allowed for training during the first tests, and all rats that had not reached the required criterion of adaptation by that time were discarded; 5 d were found to be sufficient for training on the second occasion.
Testingprocedure. The testing was carried out over a period of 6 d. Twelve problems were presented, two each day with an interval of 10-14 h between. Every rat was put https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19710104 through each problem eight times consecutively and the pathway was traced on a duplicated plan of the maze. On reaching the goal box, each rat was allowed to eat for a few seconds before being put back in the starting box. If on any one of the eight runs a rat failed to reach the goal box in 2 min it was taken out of the maze and that run was discounted. It was then made to run once more, and if it again failed its score for that problem was disregarded. After each problem the rats were allowed to feed for 15 min, as in the training sessions.
The apparatus was wiped clean after each rat but not between each run of any one rat. The problem used, and the method of scoring errors, were those described by Rabinovitch & Rosvold (1951); errors were scored whenever the rat deviated from the most direct route from the starting box to the goal. Table I shows the numbers of rats in each group at the start of the three experiments, of those that died or failed to be trained, and of those that were successfully trained and tested. I n Expt I half the rats were tested twice, the others only after they * Three rats were omitted from the second testing as their cage was dropped and it was thought that this might affect their behaviour.
Number of rats at dzfferent stages of the experiments
had been rehabilitated. I n Expts z and 3 all animals were tested twice. The number of rats tested was admittedly small, but the Hebb-Williams test is very time-consuming, and about 6 h are devoted to the training and testing of each rat. This limited the number of animals in the experiments, though the size of the groups was not different from those used by Barnes et al. (1966) and the variation in test performance was similar to that reported by others (Cowley & Griesel, 1966) .
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Malnutrition and learning ability of rats 397 Figs. 2-5 show the mean growth curves for all groups of animals in the experiments. Fig. 2 , growth of the animals in Expt I , shows that the mean weights of the three groups of animals were almost equal at 4 weeks of age when the experiment started.
RESULTS

Body-weights
From this time, when the rats were eating their respective diets, the growth of the malnourished rats in the LC and LP groups was retarded and the weight increased only to 60-70 g over the next 7 weeks, compared with an increase in the weight of / Age (weeks) Fig. 2 . Weights of rats tested twice in Expt I. t . , controls; 0-0, low-calorie group;
x -x , low-protein group; T, start of rehabilitation. the animals in the control group to 200 g over the same period. From 11 to 14 weeks, during training and testing the body-weight of the controls fell by about 40 g. This was due to the fact that these animals were starved for 24 h immediately before the a-week training period began, and because they were only allowed food for 15 min twice each day during training and testing, and they had no food for the remainder of the time. The LC and LP animals were treated in the same way during training and testing, but this pattern of feeding with the stock diet was similar to that to which the LC animals were accustomed, and their weight curve did not show any sudden change.
https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19710104 398 ANGELA BAIRD, ELSIE M. WIDDOWSON AND J. J. COWLEY 1971 The LP animals benefited during this time, for they chose to eat the stock diet, and not the low-protein mixture. These animals gained weight. A drop in weight similar to that of the controls probably occurred in all groups during the second testing after rehabilitation, but weights were not recorded after 18 weeks. At 14 weeks, when the first testing was finished, all rats were allowed access to unlimited amounts of stock diet: their weights then increased. At the start of the second training, at 18 weeks, the animals in the two previously malnourished groups were much closer in weight to the controls than they had been at the first testing, although the mean weights were still only 180 g, as compared with a weight of 250 g for the controls. 0-0, low-calorie group; x -x , low-protein group; t, start of rehabilitation. Fig. 3 shows the weights of the animals tested for the first time after rehabilitation. The growth of the malnourished rats was similar to that of the animals just described. The animals in the control group also grew similarly, but the drop in weight between I I and 14 weeks did not occur since these animals were not tested until 18 weeks old and therefore not deprived of food between 11 and 14 weeks. Fig. 4 shows the growth of rats malnourished from birth (Expt 2). The controls, suckled in sets of eight and then allowed the stock diet ad lib., weighed the same as those in the other experiments. The rats suckled in sets of seventeen weie smaller at
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Malnutrition and learning ability of rats 399 numbers, and then given unlimited amounts of the stock diet ('experimental' controls) increased in weight in parallel with the control group, but throughout the whole experiment remained about 1-20 g lighter. The LP and LC animals gained about the same weight as those in Expt I , but they were smaller at weaning and they were still about 10 g lighter during the test period. x -x , low-protein group; f , start of rehabilitation. Fig. 5 shows the weights of the animals malnourished from conception and their well-nourished controls (Expt 3). In this experiment the three groups had different mean weights at 4 weeks when the experimental diets were started: the mean weight of the control group, as of those in Expts I and 2, was about 45 g; the LP animals, whose mothers had lived on a 9 yo protein diet since they were weaned, weighed only 18 g. The LC animals, whose mothers had been given only sufficient of the stock diet 27 400 ANGELA BAIRD, ELSIE M. WIDDOWSON AND J. J. COWLEY 1971 to keep their weights the same as those of the mothers having the low-protein diet, had grown rapidly from 21 g to 36 g between 3 and 4 weeks. By 11 weeks both malnourished groups had a mean weight of about 54g, which was about the same as that of the malnourished animals in Expt 2. At 18 weeks the rehabilitated malnourished animals weighed 170 g, compared with 180-ZIO g for the corresponding animals in Expts I and 2.
Performance of the rats during the tests Occasionally a rat failed to complete one of the eight runs of a problem within z min; when this happened the rat was taken out of the maze and the number of errors was counted as those made in a time of 2 min. When a rat failed to complete two consecutive runs it was not given another opportunity to solve that problem and it was assigned a total score for that problem of one more than the highest score of any rat in its own group. It was only necessary to do this in about I yo of the total problem scores for all the three experiments. ;+ These animals were litter-mates of those tested twice.
The Kruskal-Wallis analysis of variance was applied to the total number of errors made by each rat in the three groups and, if this showed a high probability of significance, the results were analysed further by the Mann-Whitney one-tailed U test (Siegel, 1956 ). The results are set out in Tables 2,3 and 4 with mean error scores, and the standard deviations for each diet group. Table z shows a statistical analysis of the results of Expt I. The LP and LC animals made significantly more errors than the well-nourished controls at the end of the period of malnutrition, but there was no significant difference between the errors made by the two malnourished groups. After these malnourished animals had been rehabili-
Malnutrition and learning ability of rats 401 tated for 5 weeks, all three groups made fewer errors than on the first occasion ; the controls, however, improved more than the previously malnourished groups ; hence there was a significant difference between the controls and each of the previously malnourished groups. There was also a significant difference between the LP and LC groups themselves, the previously protein-deficient rats making more errors. The littermates of these animals tested for the first time after rehabilitation produced results in the same direction, but the differences were not significant. Table 3 shows a statistical analysis of the results of Expt 2. At the end of the period of malnutrition there was a significant difference between the groups (P = 0.001). On further analysis, the difference was found to be primarily between the ' experimental' controls and the two malnourished groups. After rehabilitation, although the results were in the same direction, the level of significance was not as high. Table 4 shows a statistical analysis of the results of Expt 3. Although all the results are in the same direction as in the other experiments no significant differences were found either at the end of the period of malnutrition or after 5 weeks of rehabilitation.
D I S C U S S I O N
The results of this study suggest that a malnourished animal performs less well than a well-nourished one in the Hebb-Williams test; that a low-protein diet is rather more harmful in this respect than a low-calorie one; and that the effect of the deficient diet persists after 5 weeks rehabilitation.
The use of a food reward in training and during the testing of the rats is not entirely satisfactory, but the Hebb-Williams test was designed to minimize fluctuations in motivation (Hebb & Williams, 1946) and there is evidence to show that it does so. Short periods of food deprivation have little effect on problem-solving perfcrmance (Das & Broadhurst, 1959) . In selecting a food reward, the problem of the animals being differentially affected is not overcome, but the procedure adopted was not likely to facilitate the performance of the control animals more than that of the undernourished.
Contrary to the findings of Cowley & Griesel (1966) , the protein-deficient animals, during training, were observed to prefer the stock diet to their own 6% diet.
We know that the effect of undernutrition on the size and chemical structure of the brain is greater and more likely to be permanent the earlier in development the malnutrition is imposed (Dobbing & Widdowson, 1965; Winick & Noble, 1966) .
Admittedly no-one has yet shown a direct relationship between brain composition and behaviour, but if there is any connexion one might reasonably expect them to be directly rather than inversely related. The results of the present study demonstrate the difficulty of this type of work. The apparently greater effect of malnutrition from weaning than of malnutrition from conception, and the variation in error scores from one batch of control animals to another, make one cautious about drawing any firm conclusions at all.
Nevertheless, for all groups in all experiments the results were invariably in the same direction, and the malnourished animals always made more errors than their controls. Generally, the LP animals had higher error scores than the LC. Barnett, Smart & Widdowson (1971) used animals similar to those in Expt I but did not study them until the malnourished animals had been rehabilitated for 22 weeks and their weights were nearly equal to those of the well-nourished controls. Even after this long period of rehabilitation, the previously protein-deficient animals were more active, in a 'residential maze ', than the previously calorie-deficient animals or the controls. On the basis of the work of LAt (1965) they suggest that excess of carbohydrate rather than deficiency of protein could have been important in producing this hyperactivity. If so, this would apply with equal force to the results of the present study.
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